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Plunge characteristics

• Cassini’s  Rev293 final plunge into Saturn
– 15-SEP-2017 10:33:17 ET (last tracking data point)
– +9.22° N latitude, -54.31° E longitude
– Saturn in Northern Summer, line-of-sight Earth visibility for impact
– 63.3 mm/s drag ΔV accumulated prior to loss of signal
– Coherent two-way tracking on 70-m station DSS43
– Spherical frontal area model equal to 20.5 m2

– Fixed drag coefficient CD=2.1

• Atmospheric Density Model
– Base densities estimated in layers, lowest layer encompassing loss of signal
– Layer transitions when accumulated drag acceleration is 10x Doppler noise
– Scale height computation enforces continuity between layers
– 100% uncertainty on base densities for estimation

Table 1. Filter parameter setup
Parameter Unit Estimated/Considered a priori s
Epoch state S/C position - X/Y/Z km Estimated 2.35/0.28/3.7
Epoch state S/C velocity - X/Y/Z mm/s Estimated 23.9/1.87/8.8
Impulsive spin down burn - X/Y/Z mm/s Estimated 0.012/0.12/1.2
Impulsive spin up burn - X/Y/Z mm/s Estimated 0.012/0.12/1.2
Inbound Density Layer [0] kg/km3 Estimated 4.73E-10
Outbound Density Layer [0] kg/km3 Estimated 4.73E-10
Inbound Density Layer [1] kg/km3 Estimated 2.79E-10
Outbound Density Layer [1] kg/km3 Estimated 2.79E-10
Inbound Density Layer [2] kg/km3 Estimated 1.48E-10
Outbound Density Layer [2] kg/km3 Estimated 1.48E-10
Inbound Density Layer [3] kg/km3 Estimated 7.17E-11
Outbound Density Layer [3] kg/km3 Estimated 7.17E-11
Titan gravity 3x3 spherical harmonics unitless Estimated SAT375 full covariance
Earth pole motion - X/Y deg Considered 8.594E-07
UT1 bias sec Considered 2.5E-04
DSN station locations km/deg Considered 2003 covariance [4]
Troposphere path delay - wet/dry km Considered 1.0E-05/1.0E-05
Ionosphere path delay - day/night km Considered 5.5E-04/1.5E-04
Drag scale factor unitless Considered 0.105

3. Atmospheric Density Model

The acceleration due to atmospheric drag is given by Equation 1:

aaaD =�rCdAV 2
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where r is the atmospheric density at the current spacecraft location, Cd is the coefficient of drag
for the spacecraft, A is the cross-sectional area of the spacecraft perpendicular to the velocity vector,
m is the spacecraft mass, and V̂VV is the unit velocity vector. The drag coefficient has a value of 2.1
for Cassini and the most up to date spacecraft mass based on propellant usage is used. Cassini’s
High Gain Antenna (HGA) is aligned with the spacecraft Z-axis and is pointed at Earth to enable
radio tracking during the flyby. The area seen by the atmosphere is approximately constant through
the flyby and is set to the AACS value of 21.5 m2.

This study implements a density-driven atmospheric drag model in JPL’s Monte software. An
inbound and outbound profile with multiple base density layers is used, allowing separate density
estimates before and after close approach. The density at a given point r is given by Equation 2
where the subscript “i” stands for the characteristics of the base of the layer in altitude h and scale
height H. The scale height in Equation 3 is computed such that continuity is enforced at the layer
boundaries. The only point in the atmospheric density profile where a discontinuity is allowed by
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the software is close approach, i.e. the lowest altitude layer.

r = ri exp
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Hi =
hi �hi+1

log(ri+1/ri)
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The approach for the T87 atmospheric drag study of Titan placed a density layer at Titan periapsis
and then integrated the acceleration due to drag until the change in velocity was equal to ten times
the noise in the Doppler residuals. This results in six base density layers for the inbound and
outbound profiles at T87. At altitudes above 1150 kilometers [5] the acceleration due to Titan
oblateness becomes stronger than that due to atmospheric drag so no additional layers are estimated.
Attempting this approach for T107 yielded some difficulty in separating the drag into distinct layers.
The filter placed a large discontinuity at close approach, sometimes doubling the density in the
lowest base layer and the postfit uncertainty in the layers remained high at 30-40%. Four base
density layers gave more physically realistic results and allowed the filter to estimate the base
densities more precisely. The choice of a priori base densities is an iterative process. Initially,
density values were interpolated from the T87 density profile and 100% uncertainty assigned to
each layer. After running several estimation cases, the a priori values equal to the uncertainties
given in Table 1 were chosen. The following section details those results of the estimation process.

4. Estimation Results

In each filter run, the equations of motion are integrated producing a spacecraft trajectory, the
Doppler data is processed and the difference between observed and computed frequencies is
calculated and plotted as residual error. Figure 4 shows the prefit Doppler residuals for the T107
data arc, where the blue points represent X/X Doppler and red points represent the X/Ka Doppler
tracking, which has a higher down transmit frequency and is thus more sensitive to mismodeled
spacecraft motion. The data at close approach has a one second compression time at a 34-meter DSN
station and the two tracks bracketing close approach have the standard sixty second compression
time at a 70-meter DSN station. The data points boxed in black occur during the reaction wheel spin
down and spin up events which are modeled impulsively. These points are not processed in the filter
but the data on either side of the spins allows estimation of the resulting DV on the spacecraft. The
dip in Doppler residuals between spin events is due to the difference in the a priori atmospheric drag
model and the drag acceleration experienced by the spacecraft. The converged filter solution where
the atmospheric drag profile is fit to the Doppler data is shown in the postfit residuals of Fig. 5.
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Estimation arc setup 
Orbit Determination Process

• Data arc:
– Want to minimize number of parameters in filter
– Arc focused on plunge, begin near apoapsis of final orbit: 
– 12-SEP-2017 12:00 ET to 15-SEP-2017 12:00 ET
– Three tracks of 60-sec X/X Doppler prior to experiencing atmosphere
– One-sec X/X Doppler tracking during atmospheric entry
– Range data not used

• Force Modeling
– DE435 planetary ephemeris
– Correction to SAT389 Saturn system ephemeris from rev271 reconstruction
– Layered exponential atmosphere for drag modeling
– Saturn zonal spherical harmonic gravity field J2-J8
– Impulsive burn models spindown of reaction wheels
– Spacecraft telemetry for thrusting to counter drag torque
– Stochastic accelerations estimated for mis-modeled forces



Filter configuration in JPL’s Monte software
Filter Setup

Table 1. Filter parameter setup
Parameter Unit Estimated/Considered a priori s
Epoch state S/C position - X/Y/Z km Estimated 0.4/0.08/0.03
Epoch state S/C velocity - X/Y/Z mm/s Estimated 0.53/0.14/0.49
Base Density Layer [0] kg/km3 Estimated 1.51E-01
Base Density Layer [1] kg/km3 Estimated 2.19E-01
Base Density Layer [2] kg/km3 Estimated 2.05E-01
Base Density Layer [3] kg/km3 Estimated 1.57E-01
Base Density Layer [4] kg/km3 Estimated 8.07E-02
Saturn zonal spherical harmonics unitless Estimated SAT389 updated covariance
Earth polar motion - X/Y arcsec Considered 3
UT1 bias sec Considered 2.5E-04
DSN station locations cm/arcsec Considered 3 / 1
Troposphere path delay - wet/dry cm Considered 1/1
Ionosphere path delay - day/night cm Considered 55/15
Drag scale factor unitless Considered 0.05

3. Atmospheric Density Model

The acceleration due to atmospheric drag is given by Equation 1:

aaaD =�rCdAV 2

2m
V̂VV (1)

where r is the atmospheric density at the current spacecraft location, Cd is the coefficient of drag
for the spacecraft, A is the cross-sectional area of the spacecraft perpendicular to the velocity vector,
m is the spacecraft mass, and V̂VV is the unit velocity vector. The drag coefficient has a value of 2.1
for Cassini and the most up to date spacecraft mass based on propellant usage is used. Cassini’s
High Gain Antenna (HGA) is aligned with the spacecraft Z-axis and is pointed at Earth to enable
radio tracking during the flyby. The area seen by the atmosphere is approximately constant through
the flyby and is set to the AACS value of 21.5 m2.

This study implements a density-driven atmospheric drag model in JPL’s Monte software. An
inbound and outbound profile with multiple base density layers is used, allowing separate density
estimates before and after close approach. The density at a given point r is given by Equation 2
where the subscript “i” stands for the characteristics of the base of the layer in altitude h and scale
height H. The scale height in Equation 3 is computed such that continuity is enforced at the layer
boundaries. The only point in the atmospheric density profile where a discontinuity is allowed by
the software is close approach, i.e. the lowest altitude layer.
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Prefit Doppler residuals for atmospheric entry (mm/sec)
Estimation results

spindown/up 
data deleted

1-sec compression

Full arc prefit residuals Prefit residuals zoomed on plunge



Postfit Doppler residuals for atmospheric entry (mm/sec)
Estimation results

spindown/up 
data deleted

1-sec compression

Full arc postfit residuals Postfit residuals zoomed on plunge

1-sec compression



Base Density Layer Estimates
Estimation Results

• Uncertainties reflect number of data points in each layer
• Lowest layer under largest perturbations from atmosphere/gravity
• Final Doppler point at 10:33:17 ET (11:55:35 UTC ERT)

The B-plane is a method of showing encounter geometry and timing and comparing between
different navigation solutions. Figure ?? shows the B-plane solutions for the T107 Titan encounter
from the full operations arc trajectory reconstruction and the T107 density study. The ellipses
represent the 1s spacecraft state covariance mapped into B-plane coordinates at the time of close
approach. The difference between the full arc and the density arc is on the order of 20 meters. This
shows that trajectory differences between the full and short arc solutions are negligible near close
approach where drag effects are greatest.

The iterated base density estimates and 1s postfit uncertainties are shown in Tab. ?? for the inbound
profile and in Tab. 2 for the outbound profile. The scale heights are computed from the base
densities, excepting that for the highest layer which is a filter input set to 80 kilometers. The
densities at the close approach altitude of 980.1 kilometers are within 1s of each other and only
differ because of the model definition in the software. The 100% a priori uncertainties on the
base densities estimate down to an order of magnitude below the estimated values, making these
results statistically significant. Changing scale heights or adding additional layers are not necessary,
since the computed scale height values are larger than the difference in altitude between the layers.
Corrections to the Titan spherical harmonics are very small, for example the corrections to Titan J2
and J3 are an order of magnitude smaller than the values themselves.

Table 2. Base density layer estimation results
Radius (km) Base altitude (km) Base density (kg/km3) 1s Uncertainty (kg/km3)

61376.2 1267.5 1.27E-01 1.40E-01
61407.1 1304.4 2.89E-01 1.17E-01
61438.2 1341.6 2.04E-01 9.00E-02
61469.6 1379.4 1.80E-01 7.23E-02
61517.4 1436.7 1.12E-01 5.20E-02
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Comparison to results from other sources
• Error bars plotted as +/- 1σ
• Predicted atmosphere based on experience in last five Saturn revs
• INMS counts converted to mass density assuming H2 atmosphere
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